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ABSTRACT:

G-Quadruplex is a special DNA secondary structure and present in many important regulatory regions in human genome, such as
the telomeric end and the promoters of some oncogenes. Specially, different forms of G-quadruplexes exist in telomeric DNA and
c-myc promoter and play important roles in the pathway of cell proliferation and senescence. The effects of G-quadruplex ligands for
either telomeric or c-mycG-quadruplex in vitro have been widely studied, but the specificity of these effects in vivo is still unknown.
In the present research, various experiments were carried out to study the effect of G-quadruplex ligand SYUIQ-05 on tumor cell
lines and the mechanism of this effect. Our results showed that it preferred to bind with G-quadruplex in c-myc and had rather
insignificant effect on G-quadruplex in telomere. Therefore, it is possible that this compound had its antitumor activity for cancer
cells mainly through its interaction with c-myc quadruplex.

’ INTRODUCTION

Guanine-rich (G-rich) stretches of DNA have a high propen-
sity to self-associate into planar guanine quartets (G-quartets)
that assembled to give unusual structures called G-quadruplexes.
Quadruplexes are present in many important regulatory regions
in human genome, including telomeric ends, immunoglobulin
switch regions, mutational hot spots, and regulatory elements in
oncogene promoters.1 The formation or stabilization of G-quad-
ruplexes in these regions may play an important regulatory role,
and therefore G-quadruplexes are recognized as promising
targets for the design of antitumor drugs.2�4

Many different structural G-quadruplex ligands display their
various effects on tumor cells including telomerase inhibition,2

telomere shortening,5 triggering cell growth arrest,6�8 inducing
autophagy and apoptosis,9�11 end-to-end fusion associated with
the appearance of p16-associated senescence,12 and down-reg-
ulating the transcription or expression of related gene.13,14 As for

the studies on c-myc G-quadruplex, the porphyrin derivatives
TMPyP4, TMPyP2, and Se2SAP are the first identified class of
c-myc G-quadruplex ligands.15,16

Because of the complicated network of various genes in vivo, it
is hard to explain clearly their real effects on quadrome genes in
tumor cells. For example, G-rich sequences in the promoter of
oncogene c-myc can form G-quadruplexes and regulate the
transcription of oncogene c-myc. In addition, this c-myc gene
encodes the important transcriptional regulation protein c-Myc
that controls a variety of other genes responsible for enhancing
the proliferative capacity of cells.17 Especially, c-Myc transcrip-
tionally activates hTERT, the catalytic subunit of telomerase,18

and consequently influences the elongation of telomere, which is
another important quadrome gene involved in cell senescence.19
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It is important to know whether the G-quadruplex ligand can
specifically bind to one or a few targets in tumor cells, which will
be helpful for the discovery of selective G-quadruplex interactive
agents.

Quindoline is one type of alkaloid natural product, and some
derivatives of it are found to be G-quadruplex ligands.13,20�22

The quindoline derivative 1, N0-(10H-indolo[3,2-b]-quinolin-
11-yl)- N,N-dimethyl-ethane-1,2-diamine (SYUIQ-05), is found
to interact with human telomere or c-myc oncogene and has
effects on the biological functions of these two genes, resulting in
telomere shortening, autophagy, inhibition of cell proliferation,
cell senescence, and apoptosis.13,20,22 As we can see from the
above references, 1 is identified as G-quadruplex ligand for both
telomere and c-myc, while whether it has a selectivity between
these two quadruplex DNAs is still unknown. Some of our
previous studies showed that the interaction ability of 1 on
telomeric quadruplex is not as strong as that on c-myc quadruplex
(data not published). Because of the importance of finding the
real selective ability of ligands in tumor cells, we tried to reveal
this effect of 1 in the present study by comparing its in vitro
interaction on telomeric quadruplex and c-myc quadruplex in
parallell, and more importantly, we tried to compare its effects on
cellular events relating to c-Myc or telomere and find out the
promising connection between the in vitro selectivity and the
in vivo events. The major mechanisms for the antitumor activity
of 1 were proposed and discussed based on multiple in vitro and
in vivo experiments. Briefly, 1 was found to bind preferentially
with G-quadruplex in c-myc with rather insignificant effect to
G-quadruplex in telomere based on the results of in vitro assays.
Consistently, it was also found that 1 exhibited its antitumor
activity for tumor cells mainly due to its interaction with c-myc
based on the results of in vivo assays.

’RESULTS

The Compound Preferred to Bind to G-Quadruplex in
c-myc in Vitro. The binding affinity of 1 with two G-quadruplex
DNA, the telomeric G-rich DNA (HTG21), and the G-rich
sequence in the promoter of c-myc (Pu27) were studied using
FRET-melting, PCR stop assay, ITC, and MD, the docking
picture are shown in Supporting Information Figure S1, and the
raw data of FRET-melting, PCR stop assay, and ITC are shown in
Supporting Information Figures S2, S3, and S4, respectively. In
solution containing potassium ions, the HTG21 DNA preferred
to fold into an intramolecular hybrid G-quadruplex, while the
Pu27 DNA preferred to form a parallel conformation. The
calculated or measured binding affinity for 1 with two G-quad-
ruplex DNA were listed in Table 1, showing the changes in
binding free energy (ΔG), the changes in melting temperature of
G-quadruplex DNA (ΔTm), the concentrations for 50% inhibi-
tion in DNA amplification (IC50), and the binding constant (Ka).
The data from different methods showed good correlation with
each other, indicating the binding of the ligand with G-quad-
ruplex DNA might increase its stability resulting in interference
with its DNA amplification. All the in vitro experimental data
indicated that 1 preferred to bind with the G-quadruplex in the
promoter region of c-myc, showing a relatively higher thermo-
dynamic stability, stronger inhibitory activity on the hybridiza-
tion of G-rich sequence with its complementary strand, higher
binding constant, and lower free energy.
Down-Regulation of the Transcription and Expression of

c-myc and Thus hTERT by the Compound. Oncogene c-myc

encodes an important transcriptional regulator c-Myc protein,
which is involved in cell proliferation, senescence, and
apoptosis.23 Meanwhile, human telomerase reverse transcriptase
(hTERT) is the key catalytic domain of the telomerase enzyme,
which is closely related to telomerase function and regulated by
c-Myc protein.24 Because c-myc promoter region contains
G-quadruplex forming G-rich sequence, its binding with 1 should
increase its stability resulting in down-regulation of c-myc tran-
scription and its further downstream gene hTERT, which would
be identified using real-time RT-PCR.
To test the above hypothesis and understand the effect of 1 on

c-myc, two Burkitt’s lymphoma cell lines with different transloca-
tion break points within the c-myc were tested. The Ramos cell
line retains the NHE III1 during translocation, while the CA46
cell line has this element removed together with the P1 and P2
promoters23,25 and therefore cannot form the G-quadruplex
structure. First, cellular uptake experiment was taken to confirm
that the transport efficiency of 1 in Ramos cell was similar to that
in CA46 cell (data shown in Supporting Informaiton Figure S5).
On the basis of this result, further studies were carried out in
these two cells, including real-time RT-PCR (raw data are shown
in Supporting Information Table S1 and S2) and Western Blot
assay. As shown in Figure 1A, 1 could down-regulate the
transcription of c-myc, which further down-regulate its regulation
gene hTERT in Ramos cells, while this inhibitory activity on the
transcription was not found in CA46 cells. This result indicated
that the down-regulation effect of 1 on these two genes might be
mainly due to its interaction with the G-quadruplex in the
promoter of c-myc.
Western Blot was also carried out to confirm the inhibitory

activity of 1 on the expression of these two genes. The result was
shown in Figure 1B, which demonstrated that 1 could inhibit the
expression of c-Myc and hTERT in Ramos cell. On the other
hand, 1 could inhibit the expression of c-Myc in CA46 cell, while
the effect of it on hTERT still needs further evidence because the
expression level of hTERT in CA46 cell was too low to detect.
The Compound Interfered with the Interaction between

G-Quadruplex DNA and its Binding Proteins.NM23-H2 is an
important transcription regulation protein, which is capable of
activating c-myc transcription via the NHE III1 region.24 Im-
portantly, the stabilization of the G-quadruplex structures within
the NHE III1 region blocks the recognition and remodeling
functions of NM23-H2.26,27 Here chromatin immunoprecipita-
tion (ChIP) was used to probe physical occupancy of NM23-H2
to c-myc promoter in human cervical epithelial carcinoma cell
HeLa S3. Rabbit polyclonal-nm23-H-antibody was used for ChIP
to retrieveDNAsequences bound to endogenousNM23-H2. PCR

Table 1. Binding Affinity of 1 with Two G-Quadruplex DNA

DNA ΔGa ΔTm,
b �C IC50,

c μmol/L Ka,
d mol/L

HTG21 �22.16 10 2.5 (1.79 ( 0.68) � 104

Pu27 �29.82 13 1.8 (4.03 ( 0.34) � 104

a Estimated binding free energy calculated by MM-PBSA. The figure of
models is shown in Supporting Information Figure S1. bChanges of
melting temperatures were calculated from FRET-melting assay data.
The raw FRET-melting assay data are shown in Supporting Information
Figure S2. cConcentrations for 50% inhibition were calculated from
PCR stop assay data. The gel pictures are shown in Supporting
Information Figure S3. dBinding constants were obtained from the
ITC measurement. The figure of original ITC titration data is shown in
Supporting Information Figure S4.
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amplification of c-myc promoter showed significant decrease in
immunoprecipitated samples after the treatmentwith 1 (Figure 1C,
and the raw qPCR data are shown in Supporting Information
Table S3). This result indicated that 1 could interfere with the
binding between the promoter region of c-myc and NM23-H2,
whichmight contribute to its inhibitory activity on the transcription
of c-myc.
To further study the dissociation effect of 1 on the binding

between c-myc promoter and NM23-H2, we cotransfected an
EGFP-NM23-H2 fusion plasmid and a luciferase plasmid carry-
ing the wild-type promoter region of c-myc into a HeLa cell. After
DAPI staining and imaged using a laser scanning confocal
microscope (Figure 2), the dissociation of NM23-H2 and
c-myc was clearly observed in the transfected cells after the
treating with 1. While after cotransfecting an EGFP-NM23-H2
fusion plasmid and a luciferase plasmid carring the mutant
promoter region of c-myc, which could not form G-quadruplex
again,26 the incubation of 1 could not dissociate the binding of
NM23-H2 and c-myc. These results strongly supported that the
compound could induce the forming of G-quadruplex and thus
dissociate the binding of NM23-H2 and the promoter region
of c-myc in tumor cell.
In addition, the protein protection of telomeres 1 (POT1)

binds the ssDNA overhangs at the ends of chromosomes and is
essential for chromosome end-protection and involved in telo-
mere-length regulation.28,29 hPOT1 may disrupt G-quadruplex

structure in telomeric DNA and functions as a telomere main-
tenance element.30 ChIP was also carried out to probe physical
occupancy of POT-1 to telomeric ssDNA overhangs in the HeLa
S3 cell line. As shown in Figure 1C, PCR amplification of the
telomere did not show significant decrease in immunoprecipi-
tated samples after the treatment with 1, which indicated that the
ligand could not interfere with the binding between the single-
strand overhang of telomere and hPOT-1 (the raw qPCR data
are also shown in Supporting Information Table S3).
Inhibition of the Elongation of Telomere by the Com-

pound. Telomerase catalyzes the elongation of telomere, which
involves complicated processes, such as the association and
dissociation of catalytic enzyme. G-Quadruplex ligand may affect
the event mainly through two pathways, down-regulation of
c-myc and hTERT, or stabilization of the telomeric G-rich end to
block the association of catalytic enzyme.2 The inhibition of
telomerase and interruption of its interaction with telomere
G-overhang in cancer cells are suggested to disrupt telomere
length maintenance and cause telomeres to erode. To investigate
whether the ligand could cause the shortening of telomeres, the
telomere length was determined with the telomeric restriction
fragment (TRF) length assay. The results showed that 0.1 μMof
1 triggered telomere shortening for about 1.6 kb in Ramos cells,
and telomere shortening was also observed after treatment with
0.05 μM of 1 (Figure 3A), while in CA46 cells, 1 could only
reduce the telomere length for 0.8 kb (Figure 3B). These results

Figure 1. (A) qRT-PCR to determine the transcription of c-myc and hTERT in the Ramos (left) and CA46 (right) cells treated with 1. The cells were
treated with medium or 0.1 μMof 1 for 4 days, and the total RNAwas extracted every day and subjected to reverse transcription, followed with qPCR for
c-myc, hTERT, and β-actin (internal control), whose data are shown in Supporting Information Table S1 and S2. The quantity of gene expression was
calculated with ct values and plotted in graph. (B) Western Blot was used to determine the expression of c-myc and hTERT in the Ramos (upper) and
CA46 cells treated with 1. The cells were treated with medium and 0.05 or 0.1 μM of 1 for 4 days, and the total protein was extracted every day and
subjected toWestern Blot for c-myc, hTERT, andβ-actin (internal control). The photo of hTERT inCA46was not shown because the expression level of
hTERT in CA46 was too low to detect. (C) ChIP assays were carried out using antibodies against NM23-H2 or POT-1 inHeLa cells treated with 0.1 μM
1 or 0.1%DMSO as negative control, respectively. Immunoprecipitated DNA samples were amplified with qPCR to showNM23-H2 occupancy of c-myc
promoter or POT-1 occupancy of telomeric single-stranded end and negative controls. The qPCR data are shown in Supporting Information Table S3.
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indicated that 1 could inhibit the elongation of telomere, and the
telomere shortening effect might be mainly due to its direct
interaction with telomerase regulated by c-Myc.
The Compound Could Induce Cell Senescence and Arrest

Cell Proliferation. After 16-day treatment with 1, the Ramos
cells displayed increased proportion of flat and giant cells with
phenotypic characteristics of senescence as revealed by the
senescence-associated β-galactosidase (SA-β-Gal) assay method
(Figure 4). This could be explained with the reason that
dysfunctional telomeres could activate p53 to initiate cellular
senescence or apoptosis to suppress tumorigenesis. This result
indicated that the effect of 1 to induce senescence might be

mainly due to the shortening of telomere length. On the other
hand, the effect of 1 on CA46 cells was not obvious.
The cytotoxicity of 1 on different tumor cells was studied using

MTT assay (Supporting Information Table S4). The types of
tumor cells used in the present study include nasopharyngeal
carcinoma, gastric cancer, hepatoma, breast carcinoma, leukemia,
and lymphoma. 1 showed strong inhibitory activities on the
proliferation of all tumor cells, with IC50 values ranging from
0.24 to 4.8 μM.
On the basis of the results of short-term proliferation assay,

subcytotoxic concentrations of the ligand were used in the long
term proliferation assay. The two cell lines, Ramos and CA46,
were treated with 1 at indicated concentrations, with cell counts
and viability determined every four days, and the incubations
were finished after the growth arrest was observed. As shown in

Figure 2. Confocal imaging for Hela cells. The cells were cotransfected
with an EGFP-NM23-H2 fusion plasmid and a luciferase plasmid
carrying the wild-type promoter region of c-myc (wt) or a luciferase
plasmid carrying the mutant promoter region of c-myc (mut) and were
treated with 0.1 μM 1 (drug) or 0.1% DMSO as negative control
(control), respectively. After DAPI staining, the cells were imaged using
a laser scanning confocal microscope. Pictures were taken with a green
and red excitation filter from the same cell population and shown
individually and as an overlay.

Figure 3. Effect of 1 on telomere elongation. TRF of tumor cells treated with ligands was analyzed using theTeloTAGGG telomere length assay. Ramos
(A) and CA46 (B) cells were treated with 1 for 16 days.

Figure 4. Expression of SA-β-Gal in Ramos and CA46 cells after
continuous treatment with 1. Ramos and CA46 cells were treated with
0.1 and 0.05 μM 1 or 0.1% DMSO continuously for 16 days. Then, the
cells were fixed, stained with SA-β-Gal staining kit, and photographed.
The experiment was repeated twice.
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Figure 5, the proliferation of Ramos was inhibited by 1 (0.05 μM)
after day 12 and was arrested at day 20, and the arrest activity
showed concentration-dependency. For the cell line CA46 whose
NHE III1 element was removed, the inhibitory activity of 1 on cells
was reduced comparing with Ramos.
On the basis of all above consistent experimental results, a

hypothesis was raised for the mechanism of the effect of 1 on
tumor cells. It was possible that the interaction between 1 and the
G-quadruplex in the promoter of c-myc (mainly in the NHE III1
element) played a key role for its antitumor activity, but its
interaction with telomeric quadruplex was not significant.

’DISCUSSION AND CONCLUSIONS

The unique structural characteristics of G-quadruplexes and
their polymorphism conformations contribute to their various
biological roles, which become the basis of ligand design. Mean-
while, the use of small molecular ligands as therapeutic agents
targeting G-quadruplexes of oncogenes in vivo raises concerns
about their selectivity and cross reactivity. The design and
discovery of a good lead compound with high selectivity on
G-quadruplex over duplex DNA has become possible through
some modification strategies such as increasing the number of
side chains,31�33 using the side chains with themost compactable
structures,34�36 and using the unfused scaffold.37�40 However,
the design of G-quadruplex ligands with minimum cross reactiv-
ity on different G-quadruplex DNA is relatively difficult and has
seldom been reported so far. Recently, it has been reported that
TMPyP4 binds the parallel form of the quadruplex stronger than
the antiparallel counterpart in vitro, based on UV, ITC, and SPR
analysis results.41 The two forms of quadruplex have obvious
differences in their loop orientation, which might be important
for molecular recognition and the selective binding of small
molecules. The G-rich telomeric end and the G-rich sequence in
the P1 promoter of c-myc are two important G-quadruplex DNAs
with different conformations. The conformation of c-myc in
solution displays a typical parallel form of G-quadruplex,16 while
the conformation of telomeric DNA in solution displays a hybrid
form of G-quadruplex.42

The telomere maintenance is regulated with two mechanisms,
including the elongation catalyzed by reactivated telomerase, and
an alternative lengthening of telomere (ALT) mechanism.
Telomerase is found to overexpress in the majority of tumor

cells (85�90%),43 and the unlimited proliferative potential
of cancer cells depends on telomere maintenance.44 The p53-
mediated senescence mechanism is found to be in response to
short telomeres that suppressed tumorigenesis.45 In addition,
c-myc is an important oncogene that is involved in cell prolifera-
tion, apoptosis, and senescence. The protein c-Myc has the
activity on controlling the transcription level of hTERT, which
is the main catalytic unit of telomerase.46 In the present
investigation, two cell lines, Ramos and CA46, were chosen for
the comparative studies, and CA46 has its P1 and P2 promoter of
c-myc removed. The hypothesis for the mechanism was raised
through the analysis of all the cellular assay data together with
the in vitro assay data.

The data from all the in vitro assay, including PCR stop assay,
FRET-melting assay, ITC, and molecular docking, revealed that
the quindoline derivative 1 had relatively stronger affinity to
G-quadruplex DNA in c-myc promoter. Further cellular assays
gave evidence that 1 exhibited its antitumor activity on tumor
cells mainly through its interaction with c-myc. The major path-
way for the effect of 1 on tumor cells might involve the following:
(1) interacting with and stabilizing G-quadruplex in the promo-
ter of c-myc and down-regulating its transcription and expression,
(2) inhibiting the expression of c-myc’s downstream target
hTERT, (3) down-regulation of hTERT inducing the inhibition
of telomerase activity, (4) blocking the binding of the transcrip-
tion regulation protein NM23-H2 to the promoter region of
c-myc, (5) inhibition of the telomere elongation, and finally
inducing lymphomas cells senescence and arresting cell prolif-
eration. Specially, although the promoter region of hTERT could
also form a G-quadruplex structure,47 the direct interaction
between 1 and hTERT seemed not to play a key role in the
whole pathway.

The wide existence of G-rich sequence in the regulatory region
of human genome makes it difficult to find a G-quadruplex
ligand targeting single gene in vivo. Even though, based on
the polymorphism of G-quadruplexes, it is realistic and possible
to discover a ligand with minimum cross reactivity. The results
in the present study might shed light on the design and dis-
covery of new ligands with higher quadruplex selectivity and
antitumor activity but with minimum cross reactivity in
tumor cells.

’EXPERIMENTAL SECTION

Materials and Synthesis. All Chemicals were obtained from
commercial sources unless otherwise specified. Synthesis and character-
ization of N0-(10H-indolo[3,2-b]-quinolin-11-yl)-N,N-dimethyl-ethane-
1,2-diamine (1) was performed as previously reported.22 The compound
was identified with NMR, high-resolution mass spectra, and elemental
analysis, which also confirmed that the purity of the compoundwasmore
than 95% .

All oligomers/primers were purchased from Invitrogen (China).
Stock solutions of both ligands (10 mM) were prepared using DMSO
and stored at �80 �C. Their dilutions to working concentrations were
carried out with relevant buffer immediately prior to usage. The primary
antibodies and horseradish peroxidase-conjugated secondary antibody
were purchased from Chemicon International, Inc., USA. All tumor cell
lines were obtained from the American Type Culture Collection
(ATCC, Rockville, MD). The cell culture was maintained in a RPMI-
1640 or DMEM medium supplemented with 10% fetal bovine serum,
100 U/mL penicillin, and 100 μg/mL streptomycin in 25 cm2 culture
flasks at 37 �C under humidified atmosphere with 5% CO2.

Figure 5. Long-term exposure of Ramos (A) and CA46 (B) cells to 1 at
subcytotoxic concentrations. The cells were exposed to indicated
concentrations of 1 or 0.1% DMSO, respectively. Every 4 days, the cells
in control and drug-exposed flasks were counted and flasks reseeded
with cells. Each experiment was performed three times for each point.
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FRET Assay. FRET assay was carried out on a real-time PCR
apparatus (Roche LightCycler 2). The labeled oligonucleotides F21T
(50-FAM-d(GGGTTAGGGTTAGGGTTAGGG)-TAMRA-30) and
Pu27 (50-FAM-d(TGGGGAGGGTGGGGAGGGTGGGGAAGG)-
TAMRA-30) as the FRET probes were diluted from the stock solution
to the required concentration (400 nM) in Tris-HCl buffer (10 mM, pH
7.2) containing KCl. The mixture of 10 μL of native F21T (400 nM) or
dual-Pu27 and 10 μL of compound solution at 2 μM was first annealed
by heating at 90 �C for 5 min, followed with cooling to room
temperature in a thermocycler. The resulting 20 μL solutions were
added into LightCycler capillaries, and the measurements were made in
duplicate on a Roche LightCycler 2 with excitation at 470 nm and
detection at 530 nm. Fluorescence readings were taken at intervals of
1 �C over the range of 37�99 �C, with a constant temperature main-
tained for 30 s prior to each reading to ensure a stable value. Final
analysis of the data was carried out using Origin 6.0 (OriginLab Corp.).
PCR Stop Assay. The reaction was carried out in 1� PCR buffer,

containing 2 μmol of a pair of oligomers: Pu27 (50-TGGGGA-
GGGTGGGGAGGGTGGGGAAGG-30) or HTG 21 (50-GGGTTA-
GGGTTAGGGTTAGG-30), and its corresponding complementary
sequence Pu27rev (50-ATCGATCTCTTCTCGTCCTTCCCCA-30)
or HTG21rev (50-ATCGCTTCTCGTCCCTAA CC-30), 0.16 mM
dNTP, 2.5 U Taq polymerase, and a certain concentration of the com-
pound. The reaction mixture was incubated in a Mastercycler Personal
(Eppendorf) with the following cycling conditions: 94 �C for 3 min,
followed with 10 cycles of 94 �C for 30 s, 58 �C for 30 s, and 72 �C for 30 s.
The amplified product was resolved with 15% nondenaturing polyacryla-
mide gel in 1� TBE followed with silver staining.
ITC Measurement. ITC measurements were carried out in a VP-

ITC titration calorimeter (MicroCal, Northampton, MA). Before load-
ing, the solutions were thoroughly degassed. The reference cell was filled
with the degassed buffer. The quadruplex (8.75 μM) was kept in the
sample cell, and 1 (400 μM, 300 μL) in the same buffer was added
sequentially in 10 μL aliquots (for a total of 30 injections, 20 s duration
each) at 4 min intervals at 25 �C. In control experiments, the heats of
dilution were determined in parallel experiments by injecting 1 solution
of the same concentration in the same buffer. The heats of dilution were
subtracted from the corresponding binding experiments prior to curve
fitting. The thermograms (integrated heat/injection data) obtained in
ITC experiments were fit with proper model in Origin 6.0.
Molecular Modeling. The NMR structure of telomeric G-quad-

ruplex (PDB 2HY9)48 and the c-myc G-quadruplex structure built by
Tian-Miao Ou et al.13 were used as an initial models. Ligand structures
were constructed within SYBYL7.3 (Tripos Inc., St Louis, MO, USA).
Docking studies were performed using the AUTODOCK 4.0 pro-
gram.49 The dimensions of the active site box were chosen to be large
enough to encompass the entire DNA molecule. Docking calculations
were carried out using the Lamarckian genetic algorithm (LGA). The
most possible conformation of the ligand was chosen based on the
consideration of its lowest final docked energy and its optimal binding
arrangement with the G-tetrads.

MD simulations were performed using the sander module of the
AMBER 10.0 program suite.50 The complexes were solvated in a
octahedral box of TIP3P water molecules with 10 Å solvent layers.
The potassium counterions were added to neutralize the systems.
Periodic boundary conditions and the particle mesh Ewald algorithm
were used. The hydrogen bonds were constrained using SHAKE. The
solvated structures were subjected to initial minimization to equilibrate
the solvent and counter cations. The system was then heated from 0 to
300 K in a 100 ps simulation, followed with a 100 ps simulation to
equilibrate the density of the system. Afterward, constant pressure MD
simulation of 2 ns was then performed in an NPT ensemble at 1 atm and
300 K. The MM/PBSA method50 was used to calculate the binding free
energy. All the waters and counterions were stripped off except the K+

present within the electronegatively charged central channel. The set of
200 snapshots from the last MD trajectories were collected to calculate
the binding free energies.
Cellular Uptake Experiments. After 4 days of treatment with or

without 1, Ramos and CA46 lymphoma cells were harvested and washed
with PBS (pH 7.4) for three times and 1� 106 cells were reresuspended
in the extraction buffer (60% ethanol and 0.3 M HCl) and lysed using a
SCIENTZ-II D sonicator (SCIENTZ). Then the lysate centrifuged at
18000g at 4 �C for 10 min, and the supernatant was diluted by extraction
buffer to 3 mL. Fluorescence measurements were carried out on a
Perkin-Elmer LS55 fluorescence spectrometer. The excitation and
emission slits were both 10 nm. Excitation was set at 337 nm. Standard
curve was generated from the emission fluorescence intensity of a series
of dilutions of ligand with the concentrations from 0.003125 to 0.2 μM
at 448 nm. The uptaking concentration of ligand was calculated from the
standard curve. A buffer blank or a cell lysate blank without ligand was
subtracted for all samples.
Long-Term Cell Culture Experiments. Long-term proliferation

experiments were carried out using the Ramos and CA46 lymphoma cell
line. Cells (1.0� 105) were grown in 10 cm Petri dishes and exposed to a
subcytotoxic concentration of a ligand or an equivalent volume of
0.1% DMSO every 4 days. The cells in control and drug-exposed dishes
were counted, and the dishes reseeded with 1.0 � 105 cells. The
remaining cells were collected and used for measurements described
below. This process was continued for 16 days or 20 days.
Real-Time RT-PCR. After incubation, the cells were washed with

PBS (pH 7.4) and the cell pellets were lysed in TRIzol solution. Total
RNA was extracted according to the protocol supplied by Takara
Company and eluted in distilled, deionized water with 0.1% diethyl
pyrocarbonate (DEPC) to a final volume of 50 μL. RNAwas quantitated
spectrophotometrically. Total RNA was used as a template for reverse
transcription using the following protocol: each 20 μL reaction con-
tained 1�M-MLV buffer, 500 μMdNTP, 100 pmol oligo dT18 primer,
100 units ofM-MLV reverse transcriptase, DEPC-H2O, and 1 μg of total
RNA. The mixtures was incubated at 42 �C for 60 min for reverse
transcription, and then at 92 �C for 10 min.

Real-time PCR was performed on a real-time PCR apparatus (Roche
LightCycler 2) by using SYBR Premix ExTaq (Takara), according to the
manufacturer’s protocol. The total volume of 20 μL real-time RT-PCR
reaction mixtures contained 10 μL of SYBR Premix Ex Taq, 0.4 μMeach
of forward and reverse primers, and 1 μL of cDNA and nuclease-free
water. The program used for all genes consisted of a denaturing cycle
of 3 min at 95 �C, 45 cycles of PCR (95 �C for 20 s, 58 �C for 30 s, and
68 �C for 30 s), a melting cycle consisted of 95 �C for 15 s, 65 �C for 15 s,
and a step cycle starting at 65 �Cwith a 0.2 �C/s transition rate to 95 �C.
The specificity of the real-time RT-PCR product was confirmed by
melting curve analysis. The PCR product sizes were confirmed with
agarose gel electrophoresis and ethidium bromide staining. Three
replications were performed, and then c-myc and hTERT mRNA levels
were normalized toGAPDHmRNA level of each sample. Results of real-
time PCR were analyzed using 2�ΔCT method to compare the tran-
scriptional levels of c-myc and hTERT genes in each sample relative to a
control without drug treatment.

The primers used in the real-time RT-PCR were: c-myc A (50-TGG-
TGCTCCATGAGGAGACA-30), c-myc S (50-GTGGCACCTCTTG-
AGGACCT-30), hTERT A (50-GGATGAAGC GGAGTCTGGA-30),
hTERT S (50-CGGAAGAGTGTCTGGA GCAA-30), GAPDH A (50-
GATGACATCAAGAAGGTGG-TG-30), and GAPDH S (50-GCTG-
TA GCCAAATTCGTTGTC-30).
Western Blot. Cells harvested from each well of the culture plates

were lysed in 150 μL of extraction buffer consisted of 100 μL of solution
A (50 mM glucose, 25 mM Tris-HCl, pH 8, 10 mM EDTA, 1 mM
PMSF) and 50 μL of solution B (50 mM Tris-HCl, pH 6.8, 6 M urea,
6% 2-mercaptoethanol, 3% SDS, 0.003% bromophenol blue). The
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suspension was centrifuged at 10000 rpm at 4 �C for 5 min, and the
supernatant (10 μL for each sample) was loaded onto 10% polyacryla-
mide gel and then transferred to a microporous polyvinylidene difluoride
(PVDF) membrane. Western blotting was performed using anti-c-Myc
(Santa Cruze Biotechnology), anti-hTERT (Chemicon), or anti-β-actin
(Chemicon) antibody, and horseradish peroxidase-conjugated antimouse
or antirabbit secondary antibody. Protein bands were visualized using
chemiluminescence substrate.
Ch-IP. Chromatin immunoprecipitation (ChIP) was performed

using Magna ChIPTM kit (Millipore) following manufacturer’s proto-
col. After 4 days of treatment with or without ligand, antibody against
NM23-H2 (Santa Cruz Biotechnology, SC-100400) or POT-1 (Santa
Cruz Biotechnology, SC-33789) were used to immunoprecipitate
chromatin in HeLa cells. Rabbit IgG was used for mock immunopreci-
pitation. Briefly, cells were fixed with 1% formaldehyde for 10 min and
then lysed. Chromatin was sheared to an average size of 0.5 kb using a
SCIENTZ-II D sonicator (SCIENTZ), and 1% of lysate was removed as
input. ChIP was performed overnight at 4 �C, and immune complexes
were collected using protein A magnetic beads provided by the kit. After
extensive washing, the DNA was extracted from immunoprecipitated
chromatin. Immunoprecipitated DNA samples were amplified using
quantitative PCR, as described before, to show POT-1 or NM23-H2
occupancy of c-myc promoter or telomeric single-stranded end and
negative control. The primer sequences used here were: c-myc 1: CTA-
CGGAGGAGCAGCAGAGAAAG, c-myc 2: GTGGGGAGGGTGGG-
GAAGGT. tel 1: GGTTT-TTGAGGGTGAGGG TGAGGGTGAGG-
GTGAGGGT, tel 2: TCCCGACTATCCCTATCCCTATCCCTA-
TCCCTAT CCCTA.
Plasmid Construction. The EGFP-NM23-H2 fusion plasmid was

constructed by inserting human NM23-H2 cDNA into pEGFP-N3
(invitrogen) using EcoRI and BamHI. The luciferase plasmids contain-
ing wild-type or mutant promoter region in c-myc were gifts from
Professor Laurence H. Hurley (University of Arizona, USA).26

Transfection and Confocal Imaging. Cells (8.0 � 105) were
grown in 3 cm Petri dishes, and after 24 h, DNA transfections were
performed as follows: first, 2.0 μg c-myc plasmid or mut-c-myc plasmid
and 2.0 μg EGFP-NM23-H2 were cotranfected into cells using
Lipo2000 (invitrogen). Then, 1 was added into medium after 6 h of
transfection. After another 24 h of drug treatment, the cells were stained
by DAPI and imaged using a Zeiss LSM 710 laser scanning confocal
microscope.
Telomere Length Assay. Cells were incubated with the ligand for

16 days. To measure the telomere length, genomic DNA was digested
with Hinf1/Rsa1 restriction enzymes. The digested DNA fragments
were separated on 0.8% agarose gel, transferred to a nylon membrane,
and the transferred DNA fixed on the wet blotting membrane by baking
the membrane at 120 �C for 20min. Themembrane was hybridized with
a DIG-labeled hybridization probe for telomeric repeats and incubated
with anti-DIG-alkaline phosphatase. TRF was performed with chemilu-
minescence detection.
SA-β-Gal Assay. After the long-term incubation, the growth

medium was aspirated and the cells were fixed in 2% formaldehyde/
0.2% glutaraldehyde for 15min at room temperature. The fixing solution
was removed, and the cells were gently washed twice with PBS and then
stained using the β-Gal staining solution containing 1 mg/mL of
5-bromo-4-chloro-3-indolyl-β-D-galactoside, followed with incubation
overnight at 37 �C. The staining solution was removed, and the cells
were washed three times with PBS. The cells were viewed under an
optical microscope and photographed.
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